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Abstract: Twisted light carries a well-defined orbital angular momentum (OAM) per photon. The quantum number 
ℓ of its OAM can be arbitrarily set, making it an excellent light source to realize high-dimensional quantum 
entanglement and ultra-wide bandwidth optical communication structures. To develop solid-state optoelectronic 
systems compatible to such promising light sources, a timely challenging task is to efficiently and coherently 
transfer the optical OAM of light to certain solid-state optoelectronic materials. Among the state-of-the-art 
emergent materials, atomically thin monolayer transition metal dichalcogenide (ML-TMD), featured by ultra-strong 
light-matter interaction due to its reduced dimensionality, renders itself a potential material suitable for novel 
applications. In this study, we carried out photoluminescence (PL) spectroscopy studies of ML-MoS2 under 
photoexcitation of twisted light with well-defined quantized OAM. We mainly observed pronounced increases in 
the spectral peak energy for every increment of ℓ  of the incident twisted light. The observed non-linear ℓ -
dependence of the spectral blue shifts evidences the OAM transfer from the exciting twisted light to the valley 
excitons in ML-TMDs, which is well accounted for by our analysis and computational simulation. Even more 
excitingly, the twisted light excitation is shown to make excitonic transitions relative to the transferred OAM, 
enabling us to infer the exciton band dispersion from the measured spectral shifts. Consequently, the measured non-
linear ℓ-dependent spectral shifts revealed an unusual lightlike exciton band dispersion of valley excitons in ML-
TMDs that is predicted by previous theoretical studies and evidenced for the first time via our experimental setup 
that utilizes the unique twisted light source.  
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I. Introduction 
 
Optical Vortex beam (VB), also called twisted light, is a stream of light with a phase singularity and 
carries a well-defined orbital angular momentum (OAM)1 equivalent to ℓℏ per photon. Its helicoidal wavefront 
gives rise to a topological structure uniquely identified by the quantum number of its OAM ℓ. Twisted light 
have been considered in various research fields leading to advanced discoveries and applications2 in, but not 
limited to, communication systems3, optical manipulation4,5, quantum entanglement6,7, enhanced imaging 
systems8,9, chemistry10 and biomedicine11. Due to its unique properties, a handful of researchers have also 
become interested in exploring the helical light beam’s interaction with condensed matter. Twisted light-matter 
interaction (TLMI) involves the transfer of light beam’s OAM onto illuminated objects12–14 in such a way that 
the total angular momentum is conserved. A new degree of freedom (DOF) can be introduced by twisted light 
through its quantum number ℓ that can be exploited to uncover certain phenomena that are challenging to 
observe in an experimental setting. Such is revealed by Schmiegelow et al. (2016) when they demonstrated 
enhanced electric quadrupole transitions in a trapped 40Ca+ ion that leads to a modified optical selection rule14. 
Opportunities to expand existing applications may also arise, such as the work of Sordillo et al. (2019) in 
which findings suggest significance in spintronics15. Through the introduction of OAM to the exciting light, it 
is possible that certain predicted properties in other materials may be tested or new behaviors may be 
discovered. One of these prospective materials with very interesting properties are the layered transition metal 
dichalcogenides (TMDs).16 Interlayer quasiparticles in TMDs are recently reported to have exhibited quasi-
angular momentum – a new DOF – via a near-zero twist angle heterostructure17. Excitingly, the twisted 
wavefront of an incident twisted light beam may also induce a distinct DOF in the TMD material by virtue of 
its properties.  
Photo-exciting a ML-TMD with twisted light should give rise to new exciton transitions that has acquired 
additional finite momenta from the transferred OAMs of light18,19. With every increment of the quantized 
OAM of the incident twisted light, the photo-induced exciton transitions in a ML-TMD might shift towards 
high momentum regime and, correspondingly, yield blue-shifted PL energies. For such scenario, our optical 
spectroscopic facility set up with a twisted light source serves like an alternative tool that can sample the 
exciton energies in the distinct momenta regime and allows one to infer the exciton band dispersion which is 
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so far still not measurable. The 𝑘-dispersion of the exciton band of a photo-excited material is enriched with 
exciton physics20–22.  Because of the inherently weak Coulomb screening in low dimensional materials, 
excitons in photo-excited ML-TMDs are subjected to extraordinarily strong Coulomb interaction, including 
both the electron-hole direct and exchange interactions. It is the former that makes an exciton bound so tightly 
in a 2D material, while the latter is known to be the main cause of fast valley depolarization of excitons – one 
of the most relevant physics in the application of valleytronics where long valley times are essentially 
necessary and desired23–29.  From previous theoretical studies, the underlying electron-hole exchange 
interaction in an exciton leads to an unusual light-like exciton dispersion20,21. In this work, we show that our 
optical measurement with the unique twisted light source evidences for the first time the exchange-interaction-
driven light-like exciton band of ML-TMDs. Specifically, we detected meV-scale increases in the measured 
PL peak spectral energy as the |ℓ| of the incident twisted light was incremented. The observed non-linear ℓ-
dependence pattern of the detected PL spectral shifts is shown to be a signature of the predicted linear lightlike 
exciton band dispersion, which is well accounted for by our simulation of the twisted light and monolayer 
MoS2 interaction.  
 
II. Methods 
To perform Raman characterization and PL spectral measurements, a micro-Raman spectroscopy 
setup was used as shown in Fig. 1(a). Inserted along the optical path prior to the sample is a spatial light 
modulator (SLM) responsible for the generation of the twisted light. Here, we use a set of computer-generated 
holograms to carry out spatial modulation to a 532 nm continuous laser. Each hologram is characterized by a 
particular phase corresponding to a value of ℓ that will be imposed on the incident beam. The reflected beam 
would then have an OAM of ℓℏ per photon. Fig. 1(b) illustrates the phase, wavefront and the intensity profiles 
associated with selected values of ℓ. The twisted light from the SLM was tightly-focused on the sample using 
a 100x objective lens. The setup was designed so that the power and the ℓ of twisted light can be varied before 
an optical measurement was executed. All measurements were done at room temperature as excitonic effects 
in ML and bilayer (BL) TMDs remain strong within this operating condition30.  
Triangular MoS2 samples were prepared by chemical vapor deposition on a Si/SiO2 substrate. 
Deliberately grown onto the substrate were stacked layers of triangular MoS2 among which a specific sample, 
as seen in Fig. 2(a) and 2(b), was selected. Raman spectrum of the outer triangular portion of the sample (Fig. 
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2(c)) shows a peak separation of 19.2 cm-1 between the two dominant phonon modes of MoS2, which indicates 
a ML structure31. Meanwhile, the Raman spectra of its inner triangular part (Fig. 2(d)) shows a peak separation 
of 21.9 cm-1, which closely corresponds to a BL configuration32. 
 
III. Results and Discussion 
At a fixed laser power of 800 W, we performed repeated PL measurements each at different values of 
ℓ of the incident twisted light on both the ML- and the BL-MoS2 samples. Clear shifts of the A exciton PL 
peaks from long wavelength (at ℓ = 0) to shorter wavelengths (at 1 ≤ |ℓ| ≤ 4)  were observed in the ML-
MoS2 sample (Fig. 3(a) and Fig. S1(b) to S1(c)), which corresponds to an increase in the photoemission 
energy (blue shift) as the |ℓ| of the incident light increases (Fig. 3(c)). It is also apparent that these spectral 
blue shifts follow a non-linear ℓ-dependence pattern.  The overall change in energy of the ML-MoS2 sample’s 
PL peaks, from when ℓ = 0 to ℓ = ±4, is about 2.6 meV (spectral shift of 0.97 nm). Note that the small 
spectral shifts recorded in between measurements is not a measurement deviation as they are well above the 
spectrometer’s resolution (0.05 nm). In fact, to prove the abovementioned claim, a set of relatively larger PL 
spectral shifts from another triangular ML-MoS2 sample (Fig. S2) showed a similar pattern as that of Fig. 3(a) 
and 3(c) indicating that both sets of data, regardless of the difference in the magnitudes of their respective 
spectral shifts, have possibly manifested the same phenomenon. 
To verify the involvement of the properties of the exciting twisted light in this observed phenomenon, 
we conduct a theoretical analysis of the light-matter interactions (LMI), as well as a numerical simulation of 
the optical spectra, of a ML-MoS2 under the excitation of twisted light as follows.  
Twisted Light and ML-MoS2 interaction 
In the above experiments, the PL spectra of the ML-MoS2 were obtained by exciting the sample non-
resonantly and by subsequently detecting the spontaneously emitted photons from the excitons therein, which, 
prior to the exciton-photon conversion, undergo some energy relaxation processes. For simplicity of modelling, 
we assume resonant excitation and simply evaluate the rate of the generic optical transitions (light emission or 
absorption) disregarding the processes of relaxation. Note that the PL spectral shifts induced via resonant 
excitation is also measured and shown in Fig. S3, which is very similar to that of the non-resonant case (Fig. 
3(a) and 3(c)) and supportive of the adopted assumption.  According to the Fermi’s golden rule, the rate of the 
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generic optical transition of a 2D material under the weak excitation of light with vector potential Aሬ⃑(r⃑, t) and 
angular frequency 𝜔 is evaluated by 
 
wୗ୕ሬሬ⃑ (ω) =
2π
ℏ
ቚർΨୗ୕ሬሬ⃑
ଡ଼ ቚH෡୍ቚGS඀ቚ
ଶ
δ ቀEୗ୕ሬሬ⃑
ଡ଼ − ℏωቁ, (1) 
 
where H෡୍  is the second quantized operator of the leading linear term in the light-matter interaction, H୍ ≡
|ୣ|
ଶ୫బ
Aሬ⃑(r⃑, t) ⋅ pሬ⃑ , in the Coulomb gauge and in the rotating wave approximation33, e (m଴) is the elementary 
charge (rest mass) of electron, pሬ⃑  is the linear momentum, |GS〉 is the ground state of the sample under no 
excitation, |Ψௌொሬ⃑
௑ 〉 denotes the single exciton state in the exciton band labelled by the band index 𝑆 and the 
center-of-mass momentum of exciton 𝑄ሬ⃑ , and 𝐸ௌொሬ⃑
௑  is the energy of the exciton state.  
For ML-MoS2, the lowest optically active exciton states belong to the two lowest like-spin exciton 
bands composed of the K and K’ valley exciton states that, in the small-Qሬሬ⃑  regime, can be well modeled by the 
effective pseudo-spin Hamiltonian20,21. In the effective pseudo-spin model, the K and K’ valley exciton states 
form a spinor and the inter-valley electron-hole exchange interaction in the valley exciton acts as an effective 
transverse field that splits the bands of the K- and K’-valley exciton at finite Qሬሬ⃑   (see Supporting Information 
for the review). Accordingly, we calculate the exciton band dispersions of a ML-MoS2 in the exciton model 
with the use of the density-functional-theory (DFT)-calculated parameters of the exciton’s effective masses 
and transition dipoles following the methodology in Ref.[22], as presented in Fig. 4(a). After solving the 
eigenstates of  the valley exciton in the pseudo-spin model, the dipole moment of the exciton in the 𝑆±-band 
with small  𝑄ሬ⃗  is obtained as 𝐷ሬ ୗ⃑±ொሬ⃑
௑ = √Ω 𝐷଴௑൫𝜀ା̂ ± 𝑒
௜ଶఝೂሬሬሬ⃑ 𝜀̂ି ൯ with 𝐷଴௑ ≈ 0.128𝑒, where Ω is the area of the 2D 
material, 𝜑ொሬ⃑  is the azimuthal angle of the wave vector 𝑄ሬ⃗ = 𝑄൫cos 𝜑ொሬ⃑ , sin 𝜑ொሬ⃑ ൯, and 𝜀±̂ = (𝑥ො ± 𝑖𝑦ො) √2⁄  is the 
unit vector of the 𝜎±-polarized dipole moments of the K/K’ valley exciton (See Supporting Information for the 
detailed information). As known from previous studies20,21, the  Qሬሬ⃑ -dependent electron-hole exchange 
interaction splits the valley-exciton bands into a parabolic lower band ቀEୗష୕ሬሬ⃑
ଡ଼ ቁ and a nearly linear upper one 
ቀEୗశ୕ሬሬ⃑
ଡ଼ ቁ . Analytically, it can be shown that  Eୗశ୕ሬሬ⃑
ଡ଼ = 2γQ  and Eୗష୕ሬሬ⃑
ଡ଼ = ℏ
మ
ଶ୑౛౜౜
౔ Qଶ , where γ ≡ (𝐷଴௑)ଶ 2𝜖଴⁄ =
1.47൫eV ⋅ Å൯ and Mୣ୤୤ଡ଼ ∼ 1.08m଴ are determined by the DFT-based computations as presented in Ref.[22]. The 
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linearity of the upper band, Eୗశ୕ሬሬ⃑
ଡ଼ , with a linear dispersion manifests itself as a direct consequence of the 
electron-hole exchange interaction, known to be essential in the valley dynamics of excitons27,29,34–40.  By 
contrast, the lower band remains to be in the parabolic and nearly flat dispersion, featured by a very narrow 
bandwidth (∼ μeV) as a consequence of the cancellation of the intra- and inter-valley electron-hole exchange 
interactions and the Coulomb interaction enhanced exciton mass21. Fig.4(a) shows the bright exciton bands of 
ML-MoS2 around the light cone area, which are split by the electron-hole exchange interaction at the scale of 
few meV. The observed blue shifts of the spectral peaks in our experiments are typically about or above a few 
meV in some samples, implying the involvement of the linear upper exciton band in the optical spectroscopy.  
Let us now turn to the modelling of the light-matter interaction. In the Lorenz gauge41,42, the vector 
potential of the LG beam is written as 
 
 Aሬ⃑கොℓ୮୯బ(r⃑, t) = εො Aℓ୮(r⃑∥) exp[i(q଴z − ωt)] (2) 
 
where εො is the unit vector of light polarization,  q଴ is the magnitude of the wave vector along the propagating 
(z-) direction, r⃑∥ = (ρ, φ) is the in-plane position in polar coordinates, Aℓ୮(r⃑∥) is the amplitude of the LG 
beam spatially varying in the plane normal to the z-direction41,42, and the subscript ℓ (p) denotes the quantum 
number of OAM (radial mode index) of the LG beam. The validity of the use of the vector potential of Eq. (2) 
in Lorenz gauge in the light-matter interaction of Eq. (1), which is yet in Coulomb gauge, is justified in Ref. 
[43]. For the simplicity of analysis, we set p = 0 throughout this work and take the compact form of the LG 
beam’s amplitude, that is Aℓ(r⃑∥) =
୅బ
ඥ|ℓ|!஠ ଶ⁄
 ቀ√ଶ஡
୛బ
ቁ
|ℓ|
exp(−ρଶ W଴ଶ⁄ ) exp(iℓφ) , where A଴  is the constant of 
amplitude and W଴ is the beam waist of the LG beam. To better identify the interaction of the twisted light with 
an exciton possessing the in-plane center-of-mass momentum in a 2D material, we decompose the spatially 
varying amplitude of the twisted light into a series of plane waves with in-plane wave vectors qሬ⃑ ∥, 
 
Aℓ(r⃑∥) = ෍ 𝒜ℓ(qሬ⃑ ∥)
୯ሬ⃑∥
exp[iqሬ⃑ ∥ ⋅ r⃑∥]. (3) 
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After some algebra, the amplitude of the qሬ⃑ ∥ - component is solved as 𝒜ℓ(qሬ⃑ ∥) =
൬஠୅బ୛బ
మ(ି୧)ℓ
ஐඥ|ℓ|!஠ ଶ⁄
൰ ൤ቀ୯∥୛బ
√ଶ
ቁ
|ℓ|
exp ቀ− ୯∥
మ୛బమ
ସ
ቁ൨ e୧ℓ஦౧ሬሬ⃑ ∥   (See Supporting Information for the detailed derivation).  
Assuming the sufficiently broad bandwidth of the exciting light and taking the electric dipole 
approximation, the total rate of the optical transition to create or annihilate an exciton in the state Ψୗ୕ሬሬ⃑
ଡ଼  is 
obtained by integrating 𝑤ௌொሬ⃑
ఌොℓ(𝜔) over all 𝜔,  
 
Wୗ୕ሬሬ⃑
கොℓ = ∫ dω wୗ୕ሬሬ⃑
கොℓ (ω) ∝  ቚ𝒜ℓ൫Qሬሬ⃑ ൯(εො ⋅ Dሬሬ⃑ ୗ୕ሬሬ⃑
ଡ଼ ∗)ቚ
ଶ
, (4) 
 
which can be formulated in terms of the product of the Qሬሬ⃑ -component of the amplitude of the LG beam, 𝒜ℓ൫Qሬሬ⃑ ൯, 
and the projection of the exciton’s transition dipole moment Dሬሬ⃑ ୗ୕ሬሬ⃑
ଡ଼  onto the direction of εො  (See Supporting 
Information for details). Fig. 4(b) plots the function ห𝒜ℓ൫𝑄ሬ⃑ ൯ห
ଶ
 versus  𝑄ሬ⃗ , which accounts for the distribution 
of the optically accessible exciton states in the 𝑄ሬ⃗ -space by the ℓ -mode of the exciting LG beam. As one can 
observe, the function ห𝒜ℓ൫𝑄ሬ⃑ ൯ห
ଶ
 is shifted towards higher 𝑄ሬ⃗  –regime as the ℓ of the exciting twisted light 
increases.  This indicates that the twisted light with higher |ℓ| optically excites more exciton states with greater 
Q and higher energies.  
To simulate the spectral shift of the optical peak caused by the twisted light, we specify a spectral 
function of energy, 𝑔ୗℓ(E),  which resolves the total transition rate Wୗகොℓ ≡ ∑ Wୗ୕ሬሬ⃑
கොℓ
୕ሬሬ⃑ =
ஐ
ସ஠మ
∫ dଶQሬሬ⃑  Wୗ୕ሬሬ⃑
கොℓ  in the 
energy spectrum, as implicitly defined by  
 
ஐ
ସ஠మ
∫ 𝑑ଶ𝑄ሬ⃑  𝑊ௌொሬ⃑
ఌොℓ = ∫ 𝑑𝐸 𝑔ௌℓ(𝐸). (5) 
 
Since our experiments were carried out at room temperature, thermal distribution is so broad that the spectral 
function 𝑔ୗℓ(E) alone, defined as the distribution function of the transition rate in energy, should well model 
the profile of the PL spectral peak. To find out 𝑔ୗℓ(E), we carry out the integral of the left-hand side of Eq. (5) 
and transform the variable Q  to E  via the predicted band dispersion of exciton, Eୗ±୕ሬሬ⃑
ଡ଼  (See Supporting 
Information for the details). 
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Numerical Simulation of the spectral shifts of the twisted light-induced optical peaks  
Fig. 4(c) presents the spectral function 𝑔 ℓ(E) = 𝑔ௌష
ℓ (𝐸) + 𝑔ௌశ
ℓ (𝐸)  with respect to ℓ , which, in 
agreement with the experimental results, shifts towards higher energy as ℓ is increased. Correspondingly, Fig. 
4(d) shows the spectral shift as a function of ℓ defined by 𝛥𝐸ℓ ≡ 〈𝐸〉ℓ − 〈𝐸〉ℓୀ଴, where 〈𝐸〉ℓ ≡
∫ ௗாா௚ℓ(ா)
∫ ௗா ℓ(ா)
 is the 
averaged energy of the spectral function 𝑔ℓ(𝐸). Taking into account the dielectric screening of ML-MoS2 on 
the Si/SiO2 substrate, the simulated energy blue shifts induced by the twisted light are scaled up by the factor 
of the effective refractive index, n୑୭ୗమ ∼ 4.8
44, and turn to fall in a similar scale as that of the observed shift 
(∼few meV). Notably, one can see that the simulated spectral energy shift ΔEℓ  follows a non-linear ℓ-
dependence (Fig. 4(d) in blue dots) – a feature very similar to the measured ℓ-dependence of the PL energy as 
shown in Fig. 3(c). Analytically, one can derive the closed form of ΔEℓ as a function of ℓ and show that the 
non-linear ℓ-dependence of ΔEℓ is associated with the dispersion linearity of the dominant upper exciton band, 
as the manifestation of the electron-hole exchange interactions that plays the key role in the dynamics of valley 
polarization of exciton. For more illustration, we purposely ignore the electron-hole exchange interaction in 
the model calculation to retain the dispersion parabolicity of the exciton bands (See the inset of Fig. 4(a)). We 
show that the parabolicity of the exciton band dispersion yet leads to the linear ℓ-dependence of ΔEℓ (See the 
red dots in Fig. 4(d)), as predicted by our analysis. More detailed analysis regarding the association of the 
spectral shift’s non-linear ℓ-dependence with the linear exciton dispersion is given in Sec. III of the Supporting 
Information, and concluded by Eqs.(S37) and (S39).  
While our model calculation qualitatively well predicts the non-linear ℓ-dependent feature of the 
experimentally-observed blue shift, very few quantitative discrepancies still exist between the theoretical and 
the experimental results. The predicted energy shift falling in the scale of one meV is close to, but smaller than, 
the measured values by few meVs. Some causes of the discrepancies are speculated. Firstly, the exciton 
transition in the current theory is modeled in the electric dipole approximation. It has been reported that the 
quadrupole interaction should also play a certain role in the light-matter interaction under the twisted light 
excitation45. The effects of the quadrupole interaction definitely deserve further studies and remain as an open 
subject for future research. Secondly, rigorously speaking, the accurate refractive index of the atomically thin 
ML-TMDs, which reduces the wavelength of the exciting light inside the sample and affects the energies of 
the light-accessible exciton states, is not surely known. The existing theories for the determination of the 
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effective refractive indices of atomically thin 2D materials mostly follow the theory of macroscopic 
optics44,46,47 rather than the microscopic theory suited for nano-materials48. Lastly, it may also be necessary to 
consider the effects of the ℓ-dependent power density of the incident twisted light on the sample. Theoretically, 
the higher the ℓ of the incident light, the lower its power density on the surface of the sample. The reason is 
that, as the ℓ of the twisted light increases, its beam spot expands leading to a higher effective area. This can, 
thus, raise a possibility that the laser’s power density could also influence the observed PL measurements. Fig. 
S4 shows the typical amount of red shift caused by the incident fundamental mode light’s power density on the 
ML-MoS2 sample, where an increase of power from 0.1 mW to 0.8 mW results in a 0.0824 meV per kW/cm2 
power density increase. In comparison, the blue shift observed on the ML-MoS2 in Fig. 3(a) and 3(c) is 
relatively higher at 0.897 meV for every kW/cm2 increase in power density. Thus, it can be claimed that, while 
the effect of the twisted light is dominant in the observed results, the difference between the theoretical and the 
measured spectral shifts could be partially due to the effect of the incident beam’s ℓ-dependent power density.  
 Measured PL spectra taken from the BL-MoS2 sample (Fig. 3(b) and Fig. S1(e) to S1(f)), on the other 
hand, shows similar behavior as in ML-MoS2 such that clear non-linear ℓ-dependent blue shifts (Fig. 3d) of 
the A exciton peaks with increasing |ℓ| were also recorded. Compared to ML, BL-MoS2 exhibits a maximum 
overall shift of 17.38 meV (ℓ = 0  −4). The larger shifts in BL-MoS2 is speculated as the consequence of a 
possibly steeper exciton band dispersion resulting from the interplay between the electron-hole exchange 
interaction and inter-layer coupling in the material. The LMI mechanism, however, in the BL-MoS2 case is not 
guaranteed to be the same with that of the ML-MoS2 as various interactions may have also occurred in the 
former. Further studies regarding this matter is still necessary. 
Power-dependence of the PL spectra from the ML-MoS2 sample illuminated with twisted light is also 
investigated with the results shown in Fig. 5. Successive PL measurements after each increment of laser power, 
with a fixed value of ℓ, were done to complete one cycle over a total of four cycles of measurements. Each 
cycle is performed using different values of ℓ of the incident light, that is at 0 ≤ ℓ ≤ 3 in incrementing order. 
Based on the results, a clear dependence of the photoemitted energy to increasing laser power was observed. 
This is an expected behavior as it was also seen in a previous report49.  Here, thermal effects due to laser 
heating or photo-induced current50 may become more significant, which lead to a red shift in the PL peak as 
the power of the incident light increases. This demonstration reveals the sensitivity of the MoS2 material, not 
only to the quantum number ℓ of the twisted light, but also to the instantaneous incident laser power. Moreover, 
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the recorded data at higher value of ℓ, when the sample has already been exposed to the laser at a relatively 
longer time, might have already experienced the heating effect which is evident by the relatively lower blue 
shift compared to the one presented in Figure 3a. 
The above discussions were only focused on the analysis of A exciton peaks taken from both ML- and 
BL-MoS2 samples; the PL data concerning B excitons, specifically for BL MoS2, were attached in Fig. S5, 
which shows a similar blue shift behavior. To verify the reproducibility and repeatability of all the reported 
results, another sample was selected and shown in Fig. S6(a) in the Supporting Information; similar results 
were obtained and shown in Fig. S6(b) – S6(c). 
 
IV. Conclusion 
 
This work reported intriguing optical properties of valley excitons in ML-MoS2 as a consequence of 
its interaction with twisted light. A noticeable blue shift was observed as the magnitude of the quantum 
number of OAM |ℓ| of the twisted light was incremented, which was well interpreted as the consequence of 
OAM transfer from the incident twisted light by our theoretical analysis and numerical simulation. On top of 
that, the study convincingly revealed, for the first time, the signature of the predicted lightlike exciton 
dispersion of the valley exciton in 2D MoS2 materials. The peak spectral energy shift with ℓ that was detected 
in ML-MoS2 was found to occur in BL-MoS2 as well. The puzzling dramatic shifts in BL-MoS2 are possibly 
related to the exciton band structures likely complicated further by the unclear interplay between the electron-
hole exchange interaction and inter-layer coupling in the material, and remains as an intriguing subject for 
future research.  
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Figure 2. (a) Optical microscope and (b) Raman mapping image of the MoS2 sample with AB stacking. The Raman spectra of both the (c) monolayer and (d) bilayer portion of the MoS2 sample. 
Figure 1. (a) Micro-Raman spectrometer setup with spatial light modulator. The spatial light modulator 
modulates the phase of the optical wavefront of incident light using holograms; (b) the intensity profile, 
wavefront, and phase corresponding to quantum number ℓ of twisted light. 
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Figure 4. (a) The bright exciton bands of ML-MoS2 (blue color) simulated using the pseudo-spin exciton model 
with the use of the DFT-based parameters of exciton mass and transition dipole. Due to the electron-hole exchange 
interaction, the upper exciton band exhibits the unusual lightlike linear dispersion, described by Eୗశ୕ሬሬ⃑
ଡ଼ = 2γQ where 
γ = 1.47൫eV ⋅ Å൯. The lower exciton band dispersion described by Eୗష୕ሬሬ⃑
ଡ଼ = ℏ
మ
ଶ୑౛౜౜
౔ Qଶ remains parabolic but, with the 
heavy exciton mass 𝑀ୣ୤୤௑ = 1.08𝑚଴, looks very flat in the small Q light cone area. 𝑄௖ denotes the radius of the light 
cone and 𝐸଴ is the band edge energy of the exciton bands. The inset shows the two-fold degenerate parabolic exciton 
bands of ML-MoS2 calculated with the neglect of the electron-hole exchange interaction (red color). (b) The 
magnitude of the 𝑄-component in the spatially varying amplitude, |𝒜ℓ|ଶ, as a function of 𝑄, of the twisted light 
with quantum number of OAM, ℓ. (c) The spectral functions 𝑔ℓ(𝐸) as functions of E for ℓ = 0,1, . .5. (d) The 
spectral energy shift ΔEℓ of  ML-MoS2  induced by the photo-excitation of the OAM lights with various ℓ. The blue 
(red) dots show the non-linearly (linear) ℓ-dependent spectral shifts based on the valley-split (degenerate) exciton 
band structure with (without) the electron-hole exchange interaction as presented in the main panel (inset) of (a). 
Figure 3. The PL spectra of the (a) monolayer and the (b) bilayer MoS2 samples, using twisted light of varying values of ℓ. Blue shifts are observed in both spectra as |ℓ| increases. The energy versus ℓ graph of the A excitons 
of both (c) monolayer and (d) bilayer samples are also shown for a clearer view of the energy shifts.  
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Figure 5. (a) A 3D diagram showing the power-dependence of the PL spectra from the monolayer 
sample illuminated with twisted light at different  ℓ; and the corresponding (b) contour chart. The 
dashed lines are guides to the eye. 
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Figure S1. (a) The energy versus ℓ graph and the (b-c) corresponding PL spectra showing the energy shift of the 
A exciton PL peaks of the ML-MoS2 sample, from the main text, that was excited with twisted light at different 
values of ℓ. As |ℓ| increases, the photon energy increases (blue shift). Similarly, the (d) energy versus ℓ graph as 
well as the (e-f) corresponding PL spectra of the BL-MoS2 sample, from the main text, showing the blue shift of 
its A excitons is also presented. 
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Figure S4. Laser Thermal Heating Effect. Red shift in the PL spectra induced by 
the increasing fundamental mode laser power with an effective area of 4.8x10-12 m2 
on the surface of a ML-MoS2 material. 
Figure S2. Higher Energy Spectral Shift from another MoS2 sample. (a) The 
PL spectra showing the energy shift of the A exciton PL peaks of another 
monolayer MoS2 sample that was excited with twisted light at different values of 
ℓ; and (b) the corresponding energy versus ℓ graph. 
Figure S3. Spectral shifts of the ML-MoS2 sample induced by an incident red 
(633 nm) laser at different ℓ. (a) PL spectra and (b) Energy versus ℓ graph. 
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Figure S5. (a) The energy versus ℓ graph and the (b-c) corresponding PL spectra showing the energy shift of the 
B exciton PL peaks of the BL-MoS2 sample, from the main text, that was excited with twisted light at different 
values of ℓ. As |ℓ| increases, the photon energy increases. 
Figure S6. Reproducible blue shift. The (a) optical micrograph of another sample. The corresponding blue shifts, 
with increasing ℓ of the incident light, observed from the A exciton PL peaks of both the (b) monolayer and (c) 
bilayer MoS2 portions of the sample in (a) at 800 W laser power. Here, the value of ℓ is incremented first from 0 
to 5 then from 5 back to 0 to show the shifts’ dependence on the value of ℓ. 
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I.   Theory of exciton in 2D materials 
 
I-1. The effective pseudospin Hamiltonian of exciton 
Based on the quasi-particle Bloch state 𝜓௡௞ሬ⃑  with band index 𝑛 and wavevector 𝑘ሬ⃑ , the exciton state, ቚΨௌொሬ⃑
௑ ඀, with 
the center-of-mass momentum 𝑄ሬ⃑  can be written, in the second quantization language, as 
ቚΨௌொሬ⃑
௑ ඀ =
1
√Ω
෍ ෍ Λௌொሬ⃑
௩௖ ൫𝑘ሬ⃑ ൯?̂?௖௞ሬ⃑ ାொሬ⃑
ற ?̂?௩௞ሬ⃑ |𝐺𝑆⟩
௞ሬ⃑௩,௖
, (S1) 
where Ω is the area of the 2D material, 𝑆 is the index of exciton band, Λௌொሬ⃑
௩௖ ൫𝑘ሬ⃑ ൯ is the amplitude of an electron-
hole configuration in the exciton wavefunction, 𝑐(𝑣) denotes the conduction (valence) band, ?̂?ற(?̂?) is the 
creation(annihilation) operator, and |𝐺𝑆⟩ is the ground state of the material under no excitation. The energy 
and the wave function of the exciton states |Ψௌொሬ⃑
௑ 〉  can be obtained by numerically solving the density-
functional theory (DFT) based Bethe-Salpeter equation as presented by Ref.[3]. Following Refs[1,2], we adopt 
the numerically calculated doubly degenerate bright exciton states with the disregard of the electron-hole 
exchange interaction as exciton basis, in which the full exciton Hamiltonian (containing both direct and 
exchange interactions) is reformulated to be the effective pseudo-spin Hamiltonian in the form of 2 by 2 matrix. 
In the effective pseudo-spin model (with the DFT-based parameters), the exciton band structures are solvable 
and allow for further analysis. 
 
For MoS2-MLs, the lowest optically active exciton states belong to the two lowest like-spin exciton bands that, 
in the small-𝑄ሬ⃑  regime, can be well modeled by the effective pseudo-spin Hamiltonian as presented in Refs.[1-
3]. In the effective pseudo-spin model, the K and K’ valley exciton states form a spinor and the inherent 
electron-hole exchange interaction in the valley exciton acts as an effective transverse field that split the bands 
of K- and K’-valley exciton at finite 𝑄ሬ⃑ . It is known that the lowest bright exciton states in photo-excited TMD-
MLs are the intra-valley spin-like exciton states, Ψ௄ொሬ⃑
௑  and Ψ௄ᇲொሬ⃑ ᇲ
௑ , where the electron and hole with the same 
electron spins are resident in the same 𝐾 or 𝐾′ valley. The two exciton bands would be nearly degenerate if the 
electron-hole exchange interactions were absent. In reality, due to the inherent electron-hole exchange 
interactions, the nearly degenerate bright exciton bands at finite 𝑄ሬ⃗  are actually split by ∼ meV and the true 
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eigen states of exciton turn out to be the intermixed states of Ψ௄ொሬ⃑
௑  and Ψ௄ᇲொሬ⃑ ᇲ
௑ . Thus, one can take the orthogonal 
K and K’ valley exciton states with the same 𝑄ሬ⃑ , Ψ௄ொሬ⃑
௑  and Ψ௄ᇲ ொሬ⃑  
௑ , as basis, in which the exciton Hamiltonian is 
formulated as the 2 × 2 pseudo-spin Hamiltonian, 
𝐻ୣ୤୤௑ ൫𝑄ሬ⃑ ൯ = ൭
𝐸଴൫𝑄ሬ⃑ ൯ + 𝑉௄,௄௫ ൫𝑄ሬ⃑ ൯ 𝑉௄,௄ᇲ
௫ ൫𝑄ሬ⃑ ൯
𝑉௄ᇲ,௄
௫ ൫𝑄ሬ⃑ ൯ 𝐸଴൫𝑄ሬ⃑ ൯ + 𝑉௄ᇲ,௄ᇲ
௫ ൫𝑄ሬ⃑ ൯
൱, (S2) 
 
where 𝐸଴൫𝑄ሬ⃑ ൯ = 𝐸଴ + ℏଶ𝑄ଶ 2𝑀ୣ୤୤௑⁄  describes, in terms of the exciton band edge energy 𝐸଴  and exciton 
effective mass 𝑀ୣ୤୤௑ , the doubly degenerate like-spin bright exciton bands in the parabolic dispersion subjected 
to no electron-hole exchange interaction, and the terms 𝑉ௌ,ௌᇲ
௫ ൫𝑄ሬ⃑ ൯ are the matrix elements arising from the 
intra(S = Sᇱ)- or inter(S ≠ Sᇱ)-valley electron-hole exchange interaction. Following the theory of Ref.[3], the 
matrix elements of the electron-hole exchange interaction can be formulated as 
𝑉ௌ,ௌᇲ
௫ ൫𝑄ሬ⃑ ൯ =
1
2𝜖଴𝑄
1
Ω
ቂ𝑄ሬ⃑ ⋅ 𝐷ሬ ௌ⃑ொሬ⃑
௑∗ቃ ቂ𝑄ሬ⃑ ⋅ 𝐷ሬ ௌ⃑ᇲொሬ⃑
௑ ቃ, (S3) 
where 𝜖଴ is the vacuum permittivity, and 𝐷ሬ ௌ⃑ொሬ⃑
௑  is the dipole moments of the exciton basis states Ψௌொሬ⃑
௑  that is 
given by  
𝐷ሬ ௌ⃑ொሬ⃑
௑ =
1
√Ω
෍ ෍ Λௌொሬ⃑
௩௖ ൫𝑘ሬ⃑ ൯𝑑௩௞ሬ⃑ ,௖௞ሬ⃑
௞ሬ⃑௩௖
. (S4) 
Following the methodology employed in Ref.[3], we compute 𝐸଴൫𝑄ሬ⃑ ൯ and Λௌொሬ⃑
௩௖ ൫𝑘ሬ⃑ ൯ by solving the DFT-based 
Bethe-Salpeter equation (BSE) and calculate 𝑑௩௞ሬ⃑ ,௖௞ሬ⃑ ≡ 𝑒ൻ𝜓௩௞ሬ⃑ ห𝑟ห𝜓௖௞ሬ⃑ ൿ  in the way presented in Ref.[3]. 
Accordingly, we obtain 𝐷ሬ⃑௄ொሬ⃑
௑ √Ω⁄ ≈ 𝐷଴௑(𝑥ො + 𝑖𝑦ො)  and 𝐷ሬ⃑௄ᇲொሬ⃑
௑ √Ω⁄ ≈ 𝐷଴௑(𝑥ො − 𝑖𝑦ො)  with 𝐷଴௑ ≈ 0.128𝑒 , and the 
exciton effective mass 𝑀ୣ୤୤௑ = 1.08𝑚଴. Further, one can solve and re-formulate the intra- and inter-valley 
electron-hole exchange interaction of Eq.(S3), as given by 𝑉௄,௄௫ ൫𝑄ሬ⃑ ൯ = 𝑉௄ᇲ,௄ᇲ
௫ ൫𝑄ሬ⃑ ൯ = 𝛾𝑄  and 𝑉௄,௄ᇲ
௫ ൫𝑄ሬ⃑ ൯ =
𝑉௄ᇲ,௄
௫∗ ൫𝑄ሬ⃑ ൯ = 𝛾𝑄𝑒ି௜ଶఝೂሬሬሬ⃑  where 𝛾 ≡ (𝐷଴௑)ଶ 2𝜖଴⁄ = 1.47൫eV ⋅ Å൯  and 𝜑ொሬ⃑  is the azimuthal angle of 𝑄ሬ⃑ =
𝑄(cos 𝜑ொሬ⃗ , sin 𝜑ொሬ⃗  ).  
 
I-2. The exciton band dispersions and the density of states 
The eigen-energies of the effective exciton Hamiltonian of Eq.(S2) are solved as 
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𝐸ௌశொሬ⃑
௑ ≈ 𝐸଴ + 2𝛾𝑄 (S5) 
and 
𝐸ௌషொሬ⃑
௑ = 𝐸଴ + ℏଶ𝑄ଶ 2𝑀ୣ୤୤௑⁄ , (S6) 
which belong to the upper and lower bands, respectively. As previously revealed by Refs.[1,2], the upper band 
exhibits the linear dispersion band while the lower band remain the parabolicity in the dispersion. 
Correspondingly, the eigen states of the upper linear band are explicitly given by  
ቚΨௌశொሬ⃑
௑ ඀ = ቀቚΨ௄ொሬ⃑
௑ ඀ + 𝑒௜ଶఝೂሬሬሬ⃑ ቚΨ௄ᇲொሬ⃑
௑ ඀ቁ √2ൗ , (S7) 
and those of the lower band are 
 ቚΨௌషொሬ⃑
௑ ඀ = ቀቚΨ௄ொሬ⃑
௑ ඀ − 𝑒௜ଶఝೂሬሬሬ⃑ ቚΨ௄ᇲொሬ⃑
௑ ඀ቁ √2ൗ . (S8) 
Accordingly, the density of states (DOS) of the exciton bands defined by 𝜌ௌ(𝐸) ≡
ஐ
(ଶగ)మ ∫ 𝑑
ଶ𝑄ሬ⃑  𝛿 ቀ𝐸ௌொሬ⃑
௑ − 𝐸ቁ, 
are solved as  
𝜌ௌశ(𝐸) =
Ω
(2𝜋)ଶ
න 𝑑ଶ𝑄ሬ⃑  𝛿(𝐸଴ + 2𝛾𝑄 − 𝐸) =
Ω
2𝜋
𝐸 − 𝐸଴
(2𝛾)ଶ
 (S9) 
and the lower parabolic band as  
𝜌ௌష(𝐸) =
Ω
(2𝜋)ଶ
න 𝑑ଶ𝑄ሬ⃑  𝛿൫𝐸଴ + ℏଶ𝑄ଶ 2𝑀ୣ୤୤௑⁄ − 𝐸൯ =
Ω
2𝜋
𝑀ୣ୤୤௑
ℏଶ
. (S10) 
Notably, the DOS of the upper linear band shows the linear proportionality to the increased energy, whereas 
that of the lower parabolic one remain constant and unchanged by varying the energy. 
 
I-3. The momentum matrix elements and transition dipole moment of valley-mixed exciton 
The momentum matrix element of a single electron transition defined as ൻ𝜓௩௞ሬ⃑ ห?⃑?ห𝜓௖௞ሬ⃑ ൿ is associated with the 
transition dipole moment via the relationship 𝑑௩௞ሬ⃑ ,௖௞ሬ⃑ =
௘ℏ
௜௠బ
ଵ
ൣఢೡೖሬሬ⃑ ିఢ೎ೖሬሬ⃑ ൧
ൻ𝜓௩௞ሬ⃑ ห?⃑?ห𝜓௖௞ሬ⃑ ൿ, where 𝜖௡௞ሬ⃑  is the energy of the 
quasi-particle state 𝜓௡௞ሬ⃑  and 𝑚଴ is the free electron mass (see the details in Ref.[3]). Disregarding the electron-
hole exchange interaction, the momentum matrix element of the valley exciton state being a superposition of 
the correlated single electron transitions as expressed by Eq.(S1) is given by ଵ
√ஐ
∑ ∑ Λௌொሬ⃑
௩௖ ൫𝑘ሬ⃑ ൯ൻ𝜓௩௞ሬ⃑ ห?⃑?ห𝜓௖௞ሬ⃑ ൿ௞ሬ⃑௩௖ ≈
௜௠బா೒
|௘|ℏ
𝐷ሬ ௌ⃑ொሬ⃑
௑ , where we have used the property that the transition energy 𝜖௖௞ሬ⃑ − 𝜖௩௞ሬ⃑  is nearly equal to the quasi-
particle energy gap 𝐸௚ around the 𝑘ሬ⃑ -region where Λௌொሬ⃑
௩௖ ൫𝑘ሬ⃑ ൯ is not vanished. For TMD-MLs, the dipole moment 
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of the K (K’) valley exciton is known to be 𝜎ା(𝜎ି)-polarized and can be re-written as 𝐷ሬ⃑௄(௄ᇲ)ொሬ⃑
௑ √2⁄ =
√Ω 𝐷଴௑𝜀ା̂(ି) where  
𝜀±̂ ≡ (𝑥ො ± 𝑖𝑦ො) √2⁄  
is the unit vector of 𝜎ା(𝜎ି)-polarization and 𝐷଴௑ is evaluated as 0.128𝑒 according to Eq.(S4) . 
Under the action of the electron-hole exchange interaction, the exciton eigen states turn out to be the mixture 
of the two distinctive valley exciton, as previously shown in Eq.(S7) and Eq.(S8). Accordingly, the dipole 
moments of the valley-mixed exciton states Ψௌ±ொሬ⃑
௑  are given by  
𝐷ሬ ௌ⃑±ொሬ⃑
௑ =
1
√2
ቂ𝐷ሬ⃑௄ொሬ⃑
௑ ± 𝑒௜ଶఝೂሬሬሬ⃑ 𝐷ሬ⃑௄ᇲொሬ⃑
௑ ቃ = √Ω 𝐷଴௑ൣ𝜀ା̂ ± 𝑒
௜ଶఝೂሬሬሬ⃑ 𝜀̂ି ൧. (S11) 
 
II.   Theory of orbital angular momentum light 
 
II-1. The vector potential of the Laguerre-Gaussian orbital angular momentum light 
The vector potential of a Laguerre-Gaussian (LG) mode of orbital angular momentum (OAM) light in the 
Lorenz gauge is expressed as in the form, 
𝐴ఌොℓ௣௤బ(𝑟, 𝑡) = 𝜀̂ 𝐴ℓ௣(𝑟∥) exp[𝑖(𝑞଴𝑧 − 𝜔𝑡)], (S12) 
where 𝜀̂ is the unit vector of light polarization, ℓ = 0,1,2, … (𝑝 = 0,1,2, … ) denotes the quantum number of 
OAM (radial mode index) of the LG-OAM light, 𝑞଴ is the magnitude of the wavevector along the propagating 
(𝑧-) direction, 𝜔 is the angular frequency of the light, 𝐴ℓ௣(𝑟∥) is the amplitude of the LG-OAM light spatially 
varying in the plane normal to the 𝑧-direction. Following Refs.[4,5], the spatially varying amplitude of the LG-
OAM light is explicitly given by 
𝐴ℓ௣(𝑟∥) = 𝐴଴ ඨ
2(𝑝!)
(|ℓ| + 𝑝)! 𝜋
 𝐿௣
|ℓ| ቆ
2𝜌ଶ
𝑊଴ଶ
ቇ ቆ
√2𝜌
𝑊଴
ቇ
|ℓ|
exp ቆ−
𝜌ଶ
𝑊଴ଶ
ቇ exp(𝑖ℓ𝜑), (S13) 
where 𝐿௣
|ℓ|(𝑥) = ∑ (−1)௠௣௠ୀ଴ ቂ
(|ℓ|ା௣)!
(௣ି௠)!(|ℓ|ା௠)!௠!
ቃ 𝑥௠ is the generalized Laguerre polynomial, 𝐴଴ is the constant 
of amplitude and 𝑊଴ is referred to as the beam waist of the OAM light., 𝑟∥ = (𝜌, 𝜑) is the position vector in 
the polar coordinate system and it is defined in the 2D-plane normal to the propagating direction (𝑧-direction 
here). According to our experimental setups, we will use 𝑊଴ = 1.5𝜇m in our numerical simulations. 
 
 23
II-2 The vector potential of the fundamental LG mode with 𝒑 = 𝟎  
For the simplicity of analysis, let us focus on the fundamental LG mode with 𝑝 = 0 throughout this work. 
Taking that 𝐿଴
|ℓ|(𝑥) = 1 for all ℓ in Eq.(S13), one derives the amplitude of the vector potential of the LG mode 
with 𝑝 = 0 in the simple form, 
𝐴ℓ଴(𝑟∥) ≡ 𝐴ℓ(𝑟∥) =
𝐴଴
ඥ|ℓ|! 𝜋 2⁄
 ቆ
√2𝜌
𝑊଴
ቇ
|ℓ|
exp ቆ−
𝜌ଶ
𝑊଴ଶ
ቇ exp(𝑖ℓ𝜑). (S14) 
 
II-3 The amplitude of LG modes expanded by in-plane plane waves  
The spatially varying amplitude of the LG-OAM light with 𝑝 = 0 in Eq.(S14) can be expanded in terms of in-
plane plane waves with the in-plane wave vector ?⃑?∥ as 
𝐴ℓ(𝑟∥) = ෍ 𝒜ℓ(?⃑?∥)
௤ሬ⃑ ∥
exp[𝑖?⃑?∥ ⋅ 𝑟∥], (S15) 
where after some algebra the expansion coefficient 𝒜ℓ(?⃑?∥) is solved as  
𝒜ℓ(?⃑?∥) = ቆ
𝜋𝐴଴𝑊଴ଶ(−𝑖)ℓ
Ωඥ|ℓ|! 𝜋 2⁄
ቇ ቈ൬
𝑞∥𝑊଴
√2
൰
|ℓ|
exp ቆ−
𝑞∥ଶ𝑊଴ଶ
4
ቇ቉ 𝑒௜ℓఝ೜ሬሬ⃑ ∥ . (S16) 
In a dielectric medium, the wave length of the light is scaled down by the factor of the refractive index of the 
dielectric medium, 𝑛. In the case, Eq.(S16) should be modified by replacing the in-plane wave vector 𝑞∥ 
therein by 𝑞∥ 𝑛⁄ . 
 
III. The interaction between an exciton and a LG-OAM light 
The full Hamiltonian of light-matter interaction (LMI) for a material under a weak excitation of light is given 
by  
𝐻෩ூ ≈
|𝑒|
2𝑚଴
𝐴(𝑟, 𝑡) ⋅ ?⃑? + 𝑐. 𝑐. = 𝐻ூ + 𝑐. 𝑐., (S17) 
where 𝐴(𝑟, 𝑡) is the vector potential of the exciting light in the Coulomb gauge, 𝑒 (𝑚଴) is the elementary 
charge (mass) of an electron, and ?⃑? is the linear momentum, and  
𝐻ூ =
|௘|
ଶ௠బ
𝐴(𝑟, 𝑡) ⋅ ?⃑? . (S18) 
From the Fermi’s golden rule, the rate of the optical transition that creates or annihilates an exciton in the state 
Ψௌொሬ⃑
௑  under the excitation of the light with the angular frequency ω is evaluated by using the formalism, 
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𝑤ௌொሬ⃑
ఌොℓ(𝜔) =
2𝜋
ℏ
ቚർΨௌொሬ⃑
௑ ቚ𝐻෡ூቚ𝐺𝑆඀ቚ
ଶ
𝛿 ቀ𝐸ௌொሬ⃑
௑ − ℏ𝜔ቁ, (S19) 
in the rotating wave approximation, and the Hamiltonian of Eq.(S18) is expressed as 𝐻෡ூ =
∑ ∑ ൻ𝜓௡௞ሬ⃑ ห𝐻ூห𝜓௡ᇲ௞ሬ⃑ ᇲൿ?̂?௡௞ሬ⃑
ற ?̂?௡ᇲ௞ሬ⃑ ᇲ௞ሬ⃑ ,௞ሬ⃑ ᇲ௡,௡ᇲ  in the language of second quantization. Taking the exciton wave function 
in Eq.(S1), the matrix element in Eq.(S19) reads  
ർΨௌொሬ⃑
௑ ቚ𝐻෡ூቚ𝐺𝑆඀ =
1
√Ω
෍ ෍ Λௌொሬ⃑
௩௖∗൫𝑘ሬ⃑ ൯ർ𝜓௖௞ሬ⃑ ାொሬ⃑ ቚ𝐻ூቚ𝜓௩௞ሬ⃑ ඀
௞ሬ⃑௩,௖
. (S20) 
From Eq.(S12), (S15) and (S18), the matrix element of the LMI on the right hand side of Eq.(S20) driven by 
an OAM light reads 
ർ𝜓௖௞ሬ⃑ ାொሬ⃑ ቚ𝐻ூቚ𝜓௩௞ሬ⃑ ඀ =
|𝑒|
2𝑚଴
෍ 𝒜ℓ(?⃑?∥) ቂ𝜀̂ ⋅ ർ𝜓௖௞ሬ⃑ ାொሬ⃑ ቚ𝑒
௜௤ሬ⃑ ⋅௥⃑?⃑?ቚ𝜓௩௞ሬ⃑ ඀ቃ 𝑒
ି௜ఠ௧.
௤ሬ⃑ ∥
 (S21) 
Taking the use of the property that the thickness of the 2D-material is much smaller than the wave length of 
the visible light, we can get 
ർ𝜓௖௞ሬ⃑ ାொሬ⃑ ቚ𝑒
௜௤ሬ⃑ ⋅௥⃑?⃑?ቚ𝜓௩௞ሬ⃑ ඀ ≈ δ௤ሬ⃑ ∥,ொሬ⃑ ቂℏ𝑘
ሬ⃑ ർ𝑢௖௞ሬ⃑ ାொሬ⃑ ቚ𝑢௩௞ሬ⃑ ඀ + ർ𝑢௖௞ሬ⃑ ାொሬ⃑ ቚ?⃑?ቚ𝑢௩௞ሬ⃑ ඀ቃ. (S22) 
Furthermore, if we do the series expansion to the periodic part of the Bloch function 𝑢௖௞ሬ⃑ ାொሬ⃑  at 𝑄ሬ⃑  and take only 
the dominant term in the series, we can get ℏ𝑘ሬ⃑ ർ𝑢௖௞ሬ⃑ ାொሬ⃑ ቚ𝑢௩௞ሬ⃑ ඀ + ർ𝑢௖௞ሬ⃑ ାொሬ⃑ ቚ?⃑?ቚ𝑢௩௞ሬ⃑ ඀ ≈ ൻ𝜓௖௞ሬ⃑ ห?⃑?ห𝜓௩௞ሬ⃑ ൿ and therefore 
arrive 
ർ𝜓௖௞ሬ⃑ ାொሬ⃑ ቚ𝑒
௜௤ሬ⃑ ⋅௥⃑?⃑?ቚ𝜓௩௞ሬ⃑ ඀ ≈ δ௤ሬ⃑ ∥,ொሬ⃑ ൻ𝜓௖௞ሬ⃑ ห?⃑?ห𝜓௩௞ሬ⃑ ൿ, (S23) 
which can be regarded as the electric dipole approximation. 
Combining Eqs.(S20-S23), we reach the closed form of the LMI matrix element, 
ർΨௌொሬ⃑
௑ ቚ𝐻෡ூቚ𝐺𝑆඀ =
𝐸௚
2𝑖ℏ
𝒜ℓ൫𝑄ሬ⃑ ൯ ቀ𝜀̂ ⋅ 𝐷ሬ ௌ⃑ொሬ⃑
௑∗ቁ 𝑒ି௜ఠ௧. (S24) 
Considering Eq.(S11) and the OAM-light with the generic polarization written as 𝜀̂ = 𝛼ୖ𝜀ା̂ + 𝛼୐𝜀̂ି  (with 
|𝛼ୖ|ଶ + |𝛼୐|ଶ = 1) in the basis of the 𝜎±-circular polarization, one can formulate the matrix element of LMI 
in Eq.(S24) for Ψௌ±ொሬ⃑
௑  as 
ർΨௌ±ொሬ⃑
௑ ቚ𝐻෡ூቚ𝐺𝑆඀ =
𝐸௚√Ω 𝐷଴௑
2𝑖ℏ
𝒜ℓ൫𝑄ሬ⃑ ൯൫𝛼ୖ ± 𝛼୐ 𝑒
ି௜ଶఝೂሬሬሬ⃑ ൯𝑒ି௜ఠ௧ . (S25) 
 
III-1. Rate of the optical transition induced by an OAM light (Derivation of Eq.4) 
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Considering the exciting light beam with sufficiently broad band width, the total rate of the optical transition to 
excite the exciton state Ψௌொሬ⃑
௑  is evaluated by integrating Eq.(S19) over the angular frequency as given by 
𝑊ௌொሬ⃑
ఌොℓ = න 𝑑𝜔 𝑤ௌொሬ⃑
ఌොℓ (𝜔) =
𝜋𝐸௚ଶ
2ℏସ
ቚ𝒜ℓ൫𝑄ሬ⃑ ൯ ቀ𝜀̂ ⋅ 𝐷ሬ ௌ⃑ொሬ⃑
௑∗ቁቚ
ଶ
. (S26) 
From Eqs.(S19), (S25) and (S26), the total rate of the optical transition to excite the exciton state Ψௌ±ொሬ⃑
௑  is 
derived as 
𝑊ௌ±ொሬ⃑
ఌොℓ =
𝜋𝐸௚ଶΩ(𝐷଴௑)ଶ
2ℏସ
ห𝒜ℓ൫𝑄ሬ⃑ ൯൫𝛼ୖ ± 𝛼୐ 𝑒
ି௜ଶఝೂሬሬሬ⃑ ൯ห
ଶ
. (S27) 
 
III-2. The spectral density function of optical transition (derivation of 𝑔ௌℓ(𝐸) in Eq.5) 
To simulate the spectral profile of the optical lines induced by an OAM light, we specify the spectral density 
function, 𝑔ௌℓ(𝐸), that resolves the total transition rate in energy 
𝑊ௌఌොℓ = ෍ 𝑊ௌொሬ⃑
ఌොℓ
ொሬ⃑
=
Ω
4𝜋ଶ
න 𝑑ଶ𝑄ሬ⃑  𝑊ௌொሬ⃑
ఌොℓ = න 𝑑𝐸 𝑔ௌℓ(𝐸). (S28) 
From Eq.(S27) and (S28), we can rewrite the total rate of the optical transition involving the exciton state Ψௌ±ொሬ⃑
௑  
as 
𝑊ௌ±
ఌොℓ =
𝐸௚ଶΩଶ൫𝐷0𝑋൯
2
8𝜋ℏସ
න 𝑑𝜑ொሬ⃑
ଶగ
଴
ቚ𝛼ୖ ± 𝛼୐ 𝑒
ି௜ଶఝೂሬሬሬ⃑ ቚ
ଶ
න 𝑑𝑄𝑄ห𝒜ℓ൫𝑄ሬ⃑ ൯ห
ଶஶ
଴
= 𝛽 න 𝑑𝑄𝑄|𝒜ℓ(𝑄)|ଶ
ஶ
଴
, (S29) 
where we take the value of the angular integral given by,  
න 𝑑𝜑ொሬ⃑
ଶగ
଴
ቚ𝛼ୖ ± 𝛼୐ 𝑒
ି௜ଶఝೂሬሬሬ⃑ ቚ
ଶ
= 2𝜋 (S30) 
and  𝛽 ≡ 𝐸௚ଶΩଶ(𝐷଴௑)ଶ 4ℏସ⁄  . To relate Eqs.(S28) and (S29), we need to use the explicit exciton band dispersion, 
𝐸൫𝑄ሬ⃗ ൯ ≡ 𝐸ௌொሬ⃑
௑ , for the variable transform for the equations. 
 
The upper linear exciton band  For the linear exciton upper band, 𝐸൫𝑄ሬ⃗ ൯ ≡ 𝐸ௌశொሬ⃑
௑ = 2𝛾𝑄 is given by Eq.(S5), 
where γ  stands for the strength of the electron-hole exchange interaction in the valley exciton with 𝑄ሬ⃗ . 
Hereafter, let us set 𝐸଴ = 0 in Eq.(S5) for the simplicity of analysis. Accordingly, one can show the spectral 
density function for the linear band as 
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𝑔ௌశ
ℓ (𝐸) = 𝑃തௌశ
ℓ (𝐸)𝜌ௌశ(𝐸) = 𝛽ℓ
ᇱ ൤
𝐸
(2𝛾)ଶ൨
 ቈቆ
𝐸ଶ
4𝛾ଶ
ቇ ቆ
𝑊଴ଶ
2
ቇ቉
|ℓ|
exp ቈ− ቆ
𝐸ଶ
4𝛾ଶ
ቇ ቆ
𝑊଴ଶ
2
ቇ቉ (S31) 
where 𝛽ℓᇱ ≡ 𝐸௚ଶ(𝐷଴௑)ଶ𝜋𝐴଴ଶ𝑊଴ସ 2ℏସ|ℓ|⁄ ! , 𝜌ௌశ(𝐸) ∝ 𝐸
ଵ is the density of the exciton states with the linear 
dispersion, and 𝑃തௌశ
ℓ (𝐸) = 2𝜋𝛽 |𝒜ℓ(𝐸 2𝛾⁄ )|2 Ω⁄  is defined as the averaged transition for the exciton states lying 
in the energy interval between 𝐸 and 𝐸 + 𝑑𝐸. 
 
The lower parabolic exciton band From Eq.(S6), we obtain the 𝐸 − 𝑄 relationship, 
𝑄 = ට2𝑀ୣ୤୤௑ 𝐸 ℏൗ  (S32) 
for the parabolic exciton upper band. Accordingly, one can show the spectral density function for the 
parabolic band as 
𝑔ௌష
ℓ (𝐸) = 𝑃തௌష
ℓ (𝐸)𝜌ௌష(𝐸) = 𝛽ℓ
ᇱ ቈ
𝑀ୣ୤୤௑
ℏଶ
቉ ቈቆ
2𝑀ୣ୤୤௑ 𝐸
ℏଶ
ቇ ቆ
𝑊଴ଶ
2
ቇ቉
|ℓ|
exp ቈ− ቆ
2𝑀ୣ୤୤௑ 𝐸
ℏଶ
ቇ ቆ
𝑊଴ଶ
2
ቇ቉, (S33) 
where 𝑃തௌష
ℓ (𝐸) = 2𝜋𝛽 ቤ𝒜ℓ ቆට2𝑀ୣ୤୤௑ 𝐸 ℏൗ ቇቤ
2
Ωൗ  and 𝜌ௌష(𝐸) ∝ 𝐸
଴ is the density of the exciton states with the 
parabolic dispersion. 
From Eqs.(S28-33), one can evaluate the averaged energy of the spectral density function,  
𝑔ℓ(𝐸) ≡ 𝑔ௌశ
ℓ (𝐸) + 𝑔ௌష
ℓ (𝐸), (S34) 
with respect to the exciting LG light with the OAM ℓ,  according to the definition 
〈𝐸〉ℓ =
∫ 𝑑𝐸 𝐸𝑔ℓ(𝐸)
∫ 𝑑𝐸 𝑔ℓ(𝐸)
=
∫ 𝑑𝐸 𝐸𝑔ௌశ
ℓ (𝐸)
∫ 𝑑𝐸 𝑔ℓ(𝐸)
+
∫ 𝑑𝐸 𝐸𝑔ௌష
ℓ (𝐸)
∫ 𝑑𝐸 𝑔ℓ(𝐸)
= 〈𝐸〉ℓ
ௌశ + 〈𝐸〉ℓ
ௌష , (S35) 
where 〈𝐸〉ℓ
ௌ± ≡ ∫ 𝑑𝐸 𝐸𝑔ௌ±
ℓ (𝐸) ∫ 𝑑𝐸 𝑔ℓ(𝐸)ൗ .  
In fact, 〈𝐸〉ℓ
ௌశ and 〈𝐸〉ℓ
ௌష follows the different ℓ-dependence because the distinctive band dispersion for 𝑆ା and 
𝑆ି leads to the different ℓ-dependences of the density of the exciton states and the averaged transition rate as 
functions of the energy E. For illustration, Fig.S7 plots the density of the exciton states, the averaged transition 
rate, and the spectral density function for the both linear and parabolic exciton bands as functions of the energy 
𝐸. 
 
III-3. The OAM-light induced spectral shifts 
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The upper linear exciton band With the explicit expression of 𝑔ௌశ
ℓ (𝐸) given by Eq.(S31), one can show that 
the average spectral energy of the upper linear band is 
〈𝐸〉ℓ
ௌశ ≡
∫ 𝑑𝐸 𝐸𝑔ௌశ
ℓ (𝐸)
∫ 𝑑𝐸 𝑔ℓ(𝐸)
= ቆ
√2𝜋𝛾
𝑊଴
ቇ
1
2|ℓ|ାଵ
(2|ℓ| + 1)‼
|ℓ|!
, (S36) 
and the spectral energy shift 
Δ𝐸ℓ
ௌశ ≡ 〈𝐸〉ℓ
ௌశ − 〈𝐸〉ℓୀ଴
ௌశ = ቆ
√2𝜋𝛾
𝑊଴
ቇ ቈ
1
2|ℓ|ାଵ
(2|ℓ| + 1)‼
|ℓ|!
−
1
2
቉. (S37) 
Eq.(S37) manifests the non-linear ℓ -dependence of the spectral energy shift for a linear exciton band under 
the ℓ -OAM light excitation. 
 
The lower parabolic exciton band With the explicit expression of 𝑔ௌష
ℓ (𝐸) given by Eq.(S33), the average 
spectral energy of the parabolic band is shown as 
〈𝐸〉ℓ
ௌష ≡
∫ 𝑑𝐸 𝐸𝑔ௌష
ℓ (𝐸)
∫ 𝑑𝐸 𝑔ℓ(𝐸)
= ቆ
ℏଶ
2𝑀ୣ୤୤௑ 𝑊଴ଶ
ቇ [|ℓ| + 1], (S38) 
and the OAM-light-induced spectral energy shift is 
Δ𝐸ℓ
ௌష ≡ 〈𝐸〉ℓ
ௌష − 〈𝐸〉ℓୀ଴
ௌష = ቆ
ℏଶ
2𝑀ୣ୤୤௑ 𝑊଴ଶ
ቇ |ℓ| ∝ |ℓ|. (S39) 
In contrast to the linear exciton band, Eq.(S38) predicts the linear ℓ -dependence of the spectral energy shift 
for a parabolic exciton band under the ℓ -OAM light excitation. The analysis here advices us to infer the types 
of exciton band dispersion, in the linearity or parabolicity, by examining the ℓ -dependence of the spectral 
energy shift induced by the OAM light. As the non-linear ℓ -dependence of the spectral energy shift was 
apparently observed and falls in the similar energy scale of the predicted energy of the linear upper exciton 
band in our experiment, our spectroscopic measurement provides the evidence of the existence of the predicted 
lightlike exciton band in TMD-MLs 2. 
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Figure S7.  (a) The density of exciton states, (b) the average transition rate, and (c) the spectral function as 
functions of energy 𝐸 for both the parabolic lower 𝑆ି (left panels) and linear upper 𝑆ା (right panels) exciton 
bands of a ML-MoS2 under the photo-excitation of twisted beams with ℓ = 0,1, … 5. 
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